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Available online 28 April 2016AbstractAs diamondoids have been used to evaluate petroleum and source rocks widely; their origin, evolution, and distribution in petroleum as well
as source rocks have attracted ever more attention. Having finished the pyrolysis simulation experiment of the coal measure mudrocks from
Xujiahe Formation, Sichuan Basin, results indicated that with the equivalent vitrinite reflectance (EasyRo) increasing, diamondoids experience
generation (1.0% < EasyRo < 1.5%) and destruction (EasyRo > 1.5%). Throughout the simulation experiment, diamondoid parameters MAI,
EAI, and TMAI-1 kept good relationships with maturity within the range of EasyRo 1.5%e2.5%, 1.0%e2.5%, and 1.5%e2.5% respectively,
with all of the correlation coefficient (R2) being above 0.7844, this indicated that these parameters can be used to evaluate maturity at these
ranges. In addition, the yield ratios A/D, MA/MD, DMA/DMD, and As/Ds also kept good relationships with maturity at the range of EasyRo
1.2%e2.5%, with all of the R2 above 0.9236, this indicated that these ratios can be used to evaluate maturity index at this range.
Copyright © 2016, Lanzhou Literature and Information Center, Chinese Academy of Sciences AND Langfang Branch of Research Institute of
Petroleum Exploration and Development, PetroChina. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Diamondoids is a type of alkane compound with diamond-
like stable structure, which refers to alkane compounds con-
taining different number of three-dimensional ring structure and
their alkyl substituted compounds. In 1933, adamantane, the
simplest compound in diamondoids, was detected in oil for the
first time [1]. Diamondoids have been detected in coals and
sedimentary rocks [2], oils and its products [3e5], and con-
densates [6,7]. Some of the discovered diamondoids possessed
highermolecularweight (containing three ormore diamond-like
structures), and have been successfully isolated and identified* This is English translational work of an article originally published in
Natural Gas Geoscience (in Chinese).The original article can be found
at:http://dx.doi.org/10.11764/j.issn.1672e1926.2015.01.0110.
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China. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an openfrom oils and sedimentary rocks [8,9]. However, the origin and
formation mechanism of diamondoids in these oils and sedi-
mentary rocks remain unclear. Formerly, themechanism, at least
the frequently mentioned, is the Lewis acid-catalyzed rear-
rangement of polycyclic hydrocarbons at high temperature [3].
Recent studies have indicated that, under the condition without
any catalyst, diamondoids can be generated during the pyrolysis
simulation experiment of oil cracking [10]. Under the condition
with suitable catalyst, all of kerogen, sediment, and organic
component in crude oil can generate diamondoids [11e13].
Among these, under the condition without any catalyst, dia-
mondoids' generation and evolution characteristics during the
pyrolysis simulation experiment of coal are not yet taken into
account. Furthermore, due to the stable carbon skeleton struc-
ture, the diamondoids are more easily preserved and enriched
than any other hydrocarbon compounds in a long and compli-
cated geological evolution process.
Because of this characteristic the diamondoid parameter is
usually used for the evaluation of thermal maturity of crudes AND Langfang Branch of Research Institute of Petroleum Exploration and Development, Petro-
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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the conventional maturity parameters (such as biological
marker compounds) are invalid [14e19]. The relationship
between these diamondoid parameters and maturity is mostly
based on the content of diamondoids in extracts and the cor-
responding thermal maturity of source rocks [14,15]. More-
over, with the broad application of these diamondoid maturity
parameters, certain limitations began to appear [15,20,21].
Therefore, the problems mentioned above were focused on
in this study. The content and composition changes of dia-
mondoids (the adamantane compounds and diamantane com-
pounds in this paper) in the pyrolysis process of coal were
quantitatively described. The relevance and application range
of diamondoid parameters in maturity evaluation were clearly
defined. The study provided scientific theoretical foundation
and experimental basis for the geochemical evaluation and
identification of coal measures.
2. Sample and experiment2.1. SampleXujiahe Formation of Sichuan Basin is a coal-bearing de-
posit formed by upper Yangtze area in transition period, due to
evolution, from marine facies to continental facies. The
essential features of source rocks can be described as follows:
thick in the northwest region with high maturity, but thin in
southeast region with low maturity [22]. Wherein, the Fifth
Member of Xujiahe Formation mainly comprises mudrocks
which belong to the shore-shallow lake and delta plain-front
sedimentary facies. There are a lot of coal beds with matu-
rity (Ro) within the range 0.9%e1.5%. The maturity (Ro) in
most areas is between 0.9% and 1.2%, thus the overall dif-
ference is insignificant [22]. The outcropping samples used in
this study were taken from coal measure mudrocks in the Fifth
Member of Xujiahe Formation of Sichuan Basin. The TOC
value was at 13.3%. The vitrinite reflectance (Ro) was at
0.96%, which was at the stage of maturation. The coal mea-
sures mudrock samples were ground to 80e100 mesh prior to
the simulation experiments.2.2. Simulation experimentFig. 1. Correlation between EasyRo (%) and heating temperature (C) in the
simulation experiment.The pyrolysis simulation experiments were conducted in a
high-temperature and high-pressure enclosed system using gold
tubes with a thickness of 0.25 mm, diameter of 4.2 mm, and
length of 40 mm. The experimental setup and detailed operation
procedures were described in Ref. [23]. Firstly, one end of the
gold tube in the experiments was sealed by welding. The coal
measure mudrock sample with different weight (25e85 mg)
was loaded into each gold tube. Then, the air in the gold tube
was slowly reduced with argon. The gold tubes were sealed in
the argon environment and transferred into a series of stainless
steel autoclaves. The pyrolysis simulation experiments of the
samples were performed by increasing the temperature of the
autoclaves with different rising rates (2 C/h and 20 C/h). For
both rising rates, 12 temperature points were set in range of336e600 C. One autoclave was taken out from the furnace at
each temperature point and then cooled with air. The gold tube
in the autoclave was taken out after cooling for analysis.2.3. Analysis of pyrolysatesAfter cleaning the surface, the gold tube was frozen in
liquid nitrogen for 25e30 min. Then, it was rapidly cut off and
immersed in a 4 mL cell flask which was filled with isooctane.
One hundred mL of isooctane solution containing certain
amount of deuterated n-dodecane as an internal standard was
added into each cell flask. The sample was completely dis-
solved and mixed by using an ultrasound. After 12 h, the so-
lution completely precipitated the asphaltene, and then the
liquid supernatant of each sample was transferred into a 2 mL
cell flask for quantitative analysis of diamondoids by gas
chromatography-triple quadrupole mass spectrometry (GC-
MS-MS). The detailed parameter settings of the instrument
were described in the reference [24].
3. Results and discussion3.1. Thermal maturity estimationIn order to explain the geologic features under actual
geological conditions (low temperature and low rising rate) by
the experiment's results throughout the simulation (high tem-
perature and rapid rising rate), and to use the experiment's data
with various temperature rising rates for comprehensive inter-
pretation and analysis, corresponding equivalent vitrinite
reflectance (EasyRo) [25] was used in this study to characterize
the maturity of the coal measure mudrock pyrolysates at each
temperature point in the simulation experiments. Corresponding
EasyRovalues for each temperature point at different rising rates
in the simulation experiments were obtained as shown in Fig. 1.3.2. Yield evolution characteristics of diamondoidsIn recent times, diamondoids in coal samples with various
maturity level have been detected by Wei et al. [2]. Changes
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matters alongside maturity was quantitatively described. The
concentrations of 3- þ 4-methyldiamantane in soluble organic
matters were equal to the ratio between the absolute amount of
both 3- þ 4-methyl diamantane and soluble organic matters.
According to studies done by Dahl et al. [26], the increase of
diamondoids' concentration was due to the pyrolysis of other
hydrocarbon compounds except for the diamondoids them-
selves. In other words, it was due to the decrease of absolute
amount of soluble organic matters. Previous studies had
proved that diamondoids could also be generated in the
simulation process of crude oil pyrolysis without any catalyst
[10]. Moreover, the sources were wide-ranging [27]. There-
fore, the studies of Wei et al. [2] could not accurately and
exclusively manifest the generation and pyrolysis of dia-
mondoids whilst increasing the thermal maturity of coals.
In this study, 22 adamantane compounds and 10 dia-
mantane compounds (Table 1) in pyrolysates of coal measure
mudrocks were identified by GC-MS-MS. Each compound
was quantitatively analyzed. The yield of diamondoids was
equal to the ratio between the absolute amount of both dia-
mondoids in pyrolysates and initial coal measure mudrock
samples in the gold tube.Table 1
Names and abbreviations of diamondoid compounds in the study.
Peak
number
Assignment Abbreviation
Adamantanes 1 Adamantane A
2 1-Methyladamantane 1-MA
3 1,3-Dimethyladamantane 1,3-DMA
4 1,3,5-Trimethyladamantane 1,3,5-TMA
5 1,3,5,7-Tetramethyladamantane 1,3,5,7-TeMA
6 2-Methyladamantane 2-MA
7 1,4-Dimethyladamantane(cis) 1,4-DMA(cis)
8 1,4-Dimethyladamantane(trans) 1,4-DMA(trans)
9 1,3,6-Trimethyladamantane 1,3,6-TMA
10 1,2-Dimethyladamantane 1,2-DMA
11 1,3,4-Trimethyladamantane(cis) 1,3,4-TMA(cis)
12 1,3,4-Trimethyladamantane(trans) 1,3,4-TMA(trans)
13 1,2,5,7-Tetramethyladamantane 1,2,5,7-TeMA
14 1-Ethyladamantane 1-EA
15 2,6- þ 2,4-Dimethyladamantane 2,6- þ 2,4-DMA
16 1-Ethyl-3-methyladamantane 1-E-3-MA
17 1,2,3-Trimethyladamantane 1,2,3-TMA
18 1-Ethyl-3,5-dimethyladamantane 1-E-3,5-DMA
19 2-Ethyladamantane 2-EA
20 1,3,5,6-Tetramethyladamantane 1,3,5,6-TeMA
21 1,2,3,5-Tetramethyladamantane 1,2,3,5-TeMA
22 1-Ethyl-3,5,7-trimethyladamantane 1-E-3,5,7-TMA
Diamantanes 23 Diamantane D
24 4-Methyldiamantane 4-MD
25 4,9-Dimethyldiamantane 4,9-DMD
26 1-Methyldiamantane 1-MD
27 1,4- þ 2,4-Dimethyldiamantane 1,4- þ 2,4-DMD
28 4,8-Dimethyldiamantane 4,8-DMD
29 1,4,9-Trimethyldiamantane 1,4,9-TMD
30 3-Methyldiamantane 3-MD
31 3,4-Dimethyldiamantane 3,4-DMD
32 3,4,9-Trimethyldiamantane 3,4,9-TMDFig. 2 presented the change of yield of diamondoids, ada-
mantane compounds, and diamantane compounds with the
increasing maturity of the coal measure mudrocks. Whenever
the EasyRo value was less than 1.0%, the yield of adamantane
compounds and diamantane compounds in pyrolysates of coal
measure mudrocks was 0.32 mg/g and 0.01 mg/g, respectively.
At the late maturity and early high maturity stage of
organic matter evolution, the total yield of diamondoids
continuously increased from 0.54 mg/g to 3.66 mg/g whenever
the EasyRo value was changed from 1.0% to 1.5%. This
showed that this stage was the main generation stage for
diamondoids in the coal measure mudrocks. Wherein, the
yield of adamantane compounds accounted for was 89%e
97%. When the EasyRo value was higher than 1.5%, e.g. in the
late high and over maturity stage of organic matter evolution,
pyrolysis of diamondoids start. As a result, the total yield of
diamondoids decreased from the maximum value
(EasyRo ¼ 1.5%) to 0.01 mg/g (EasyRo ¼ 2.8%). When the
EasyRo value was higher than 2.8%, the diamondoids in py-
rolysates of the coal measure mudrock could not be detected.
The diamondoids in the pyrolysates of the coal measure
mudrocks were mainly adamantane compounds. Moreover, the
yield of adamantane compounds showed similar evolution
trend to the total yield of diamondoids (Fig. 2). The yield of
diamantane compounds (0.01e0.58 mg/g) in the pyrolysates
was significantly lower than that of adamantane compounds
(0.01e3.25 mg/g). Moreover, the evolution of diamantane
compounds obviously lagged behind the adamantane com-
pounds; this was consistent with the simulation results of
crude oil pyrolysates in laboratory [10]. The yield of dia-
mantane compounds was almost changeless when the EasyRo
value was less than 1.2%. At the stage of EasyRo > 1.2% (e.g.,
high maturity stage of organic matter evolution), it entered
into the main generation stage, and the yield of diamantane
compounds increased from 0.01 mg/g (EasyRo ¼ 1.2%) to
0.58 mg/g (EasyRo ¼ 1.9%). After that (EasyRo > 1.9%), the
yield of diamantane compounds gradually decreased to
0.01 mg/g (EasyRo ¼ 2.8%).
The studies done by Wei et al. [2] showed that the con-
centration of 3- þ 4-diamantane reached the maximum whenFig. 2. Variation in the yields (mg/g coal measure mudrock) of diamondoids
with EasyRo (%).
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maturity when the yield of diamantane compounds reached the
maximum in this study. The reasons possibly included two
aspects: (1) other hydrocarbon compounds were more easily
pyrolyzed in the evolution process of coal and source rock to
make the diamondoids relatively enriched [26], which leading
to the continuous increase of diamondoids concentration in
soluble organic materials after the yield reached the
maximum; (2) other substances had catalytic effect on the
generation of diamondoids under geological conditions, so the
peak concentration of diamondoids appeared at the higher
maturity.3.3. Molecular composition characteristics of
diamondoidsIn order to further investigate the contribution of each series
of compounds in the evolution process of adamantane and
diamantane compounds, the diamondoids were classified into
several series according to the total number of carbon atoms of
various alkyl substitution groups for the two compounds'
structure. Taking adamantane compound as an example, it was
classified into unsubstituted (adamantane), C1-substituted
(including 1-methyl adamantane and 2-methyl adamantane),
C2-substituted (including all dimethyl adamantane compounds
and ethyl adamantane compounds), C3-substituted (including
all trimethyl adamantane compounds and 1-ethyl-3-methyl
adamantane), C4-substituted (including all tetramethyl ada-
mantane compounds and 1-ethyl-3,5-dimethyl adamantane),
and C5-substituted (e.g., 1-ethyl-3,5,7-trimethyl adamantane)
adamantane compounds. Diamantane compounds were also
classified likewise.
Fig. 3 showed the change of proportion of each series
adamantane and diamantane compounds in adamantanes and
diamantanes relative to the EasyRo (%) in the pyrolysis pro-
cess of coal measure mudrocks, correspondingly.
When the EasyRo value was less than 1.0%, the proportion
of each series for both adamantane and diamantane com-
pounds basically reflected the composition characteristics of
diamondoids at an early stage [27]. For adamantane com-
pounds, the proportion sequence listed as follows: C2-Fig. 3. The percentages of different types of diamondoids witsubstituted > unsubstituted > C1-substituted > C3-
substituted > C4-substituted > C5-substituted. As for dia-
mantane compounds, the sequence was C1-substituted > C2-
substituted > unsubstituted > C3-substituted.
Adamantane compounds' proportion of C2-substituted
compounds was in the range 25%e60% at generation stage,
e.g., 1.0% < EasyRo < 1.5%. As a whole, the C2-substituted
adamantane compounds were major components in ada-
mantane compounds. The proportion of C1-substituted and C3-
substituted adamantane compounds kept within the range
15%e30%. The proportion of unsubstituted and C4-
substituted adamantane compounds was consistently around
10% and 4%, respectively. The C5-substituted adamantane
compounds had the lowest proportion which could be ignored.
However, at pyrolysis stage of adamantane compounds (e.g.,
EasyRo > 1.5%), the proportion of unsubstituted, C1-
substituted, and C2-substituted adamantane compounds
decreased continuously, while the proportion of C3-substituted
and C4-substituted adamantane compounds increased gradu-
ally. Meanwhile, the proportion of C5-substituted adamantane
compounds was insignificant. It showed that the C3-substituted
and C4-substituted adamantane compounds exhibited greater
thermodynamic stability than all of the other series of ada-
mantane compounds. These findings were consistent with the
previous research results [27].
For diamantane compounds, the proportion of each series
of compounds was almost constant at the generation stage,
e.g., EasyRo ¼ 1.2%e1.9%. The proportion of C1-
substituted, C2-substituted, and unsubstituted diamantane
compounds was about 64%, 27%, and 9%, respectively. The
proportion of C3-substituted diamantane compounds could be
basically ignored as well. At the pyrolysis stage of dia-
mantane compounds (e.g., EasyRo > 1.9%), the proportion of
C1-substituted and unsubstituted diamantane compounds
decreased continuously, while the proportion of C2-
substituted and C3-substituted diamantane compounds showed
an increasing trend. This showed that the C2-substituted and
C3-substituted diamantane compounds exhibited higher ther-
modynamic stability than other series of diamantane com-
pounds, which was also consistent with the previous research
results [27].h EasyRo in adamantanes and diamantanes, respectively.
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compounds in diamondoids [3,28], many diamondoid param-
eters had been established in previous studies, such as methyl
adamantane index [(MAI, 1-methyl adamantane)/(1-methyl
adamantane þ 2-methyl adamantane)], methyl diamantane
index [(MDI, 4-methyl diamantine)/(4-methyl diamantane þ
1-methyl diamantane þ 3-methyl diamantane)], ethyl ada-
mantane index [(EAI, 1-ethyl adamantane)/(1-ethyl
adamantane þ 2-ethyl adamantane)], dimethyl adamantane
index-1 [(DMAI-1, 1,3-dimethyl adamantane)/(1,2-dimethyl
adamantane þ 1,3-dimethyl adamantane)], dimethyl ada-
mantane index-2 [(DMAI-2, 1,3-dimethyl adamantine)/(1,3-
dimethyl adamantane þ 1,4-dimethyl adamantane)], tri-
methyl adamantane index-1 [(TMAI-1, 1,3,5-trimethyl ada-
mantane)/(1,3,5-trimethyl adamantane þ 1,3,4-trimethyl
adamantane)], trimethyl adamantane index-2 [(TMAI-2,
1,3,5-trimethyl adamantine)/(1,3,5-trimethyl adamantane þ
1,3,6-trimethyl adamantane)], dimethyl diamantane index-1
[(DMDI-1, 4,9-dimethyl diamantine)/(4,9-dimethyl
diamantane þ 3,4-dimethyl diamantane)], and dimethyl dia-
mantane index-2 [(DMDI-2, 4,9-dimethyl diamantine)/(4,9-
dimethyl diamantane þ 4,8-dimethyl diamantane)]. More-
over, these parameters had been used to evaluate the maturityFig. 4. Variation in diamondoid parameters with EasyRo (%) in thof crude oil and source rock as well as to identify the source
facies [14,16,20,29,30].
It was reported that MAI and MDI were only applicable for
narrow vitrinite reflectance range. Li et al. [15] analyzed the
diamondoids in source rock extracts from the Lower Ordovi-
cian Majiagou Formations of the central gas field, Ordos
Basin, China. They thought that the MDI ranged from 40% to
65%. Furthermore, the changes in the mature stage of
Ro > 2.0% were insignificant, and MDI was only applicable
for the vitrinite reflectance (Ro) range of 0.9%e2.0%. In
addition, Schulz et al. [20] and Wei et al. [21] used actual
water-containing samples for the pyrolysis experiments. The
results indicated that MAI and MDI were only applicable for
the maturity evaluation of samples at Ro > 1.3%.
On the other hand, the studies by Li et al. [15] showed that
there was no obvious correlation between MDI and the sample
depth or vitrinite reflectance. This conclusion was inconsistent
with that obtained by Chen et al. [14,31]. The relationship
between MDI and vitrinite reflectance of source rocks from
various sections of Yinggehai and Qiongdongnan Basins in
thermal maturation process was simulated. It was found that
the samples from various sections with differing maturity
showed dissimilar correlations, this revealed the reliability and
limitation problems of diamondoid maturity parameters in
actual application [15,29].e simulation experiment of coal measure mudrock pyrolysis.
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MAI, EAI, and TMAI-1 showed good linearity to maturity in
the pyrolysis process of the coal measure mudrock when the
EasyRo values were in the range of 1.5%e2.5%, 1.0%e2.5%,
and 1.5%e2.5%, respectively. The correlation coefficient (R2)
was 0.9775, 0.7844, and 0.8901, correspondingly, indicating
that these three parameters were possibly effective evaluation
indexes for coal measures. The commonly used MDI in pre-
vious studies had certain volatility when the EasyRo value was
less than 1.4%, which was possibly due to the influences of
pyrolysis and other factors on MDI [29].
Apart from the isomerization ratio established by the differ-
ence of thermodynamic stability among each series of com-
pounds, the maturity parameter could be also established
according to the relative yield between each series of compounds
in diamondoids, which was shown in Fig. 5. Wherein, MA rep-
resented all methyl adamantane compounds,MD represented all
methyl diamantane compounds, DMA represented all dimethyl
adamantane compounds, DMD represented all dimethyl dia-
mantane compounds, As represented all adamantane com-
pounds, and Ds represented all diamantane compounds.
Since the yield of adamantane compounds were relatively
low at EasyRo < 1.0% and EasyRo > 2.5%, likewise with the
yield of diamantane compounds being relatively low at
EasyRo < 1.2% and EasyRo > 2.5%, some relative ratios may
be large, but eventually fluctuated sharply in higher ranges. As
a result, only the correlation between yield ratio and maturity
was considered in this study when the EasyRo value was in the
range 1.2%e2.5%.
It could be seen from Fig. 5 that A/D, MA/MD, DMA/
DMD, and As/Ds all showed good correlation relationship
with EasyRo (which was used for maturity characterization) in
the pyrolysis process of coal measure mudrock. The correla-
tion coefficient (R2) was 0.9479, 0.9276, 0.9236, and 0.9523,Fig. 5. Variation in yield parameters of diamondoids with EasyRo (%)respectively. Additionally, the yield ratio in the actual appli-
cation was equal to the concentration ratio in the samples. In
other words, these diamondoid parameters based on the rela-
tive content of each series of compounds may also become the
maturity evaluation index of coal measures in the actual
application.
4. Conclusions
The coal measure mudrock samples from the Fifth Member
of Xujiahe Formation of Sichuan Basin were used for a py-
rolysis simulation experiments. The diamondoids in pyroly-
sates were quantitatively analyzed. The experimental results
are indicated as follows:
(1) The diamondoids were mainly generated at a stage when
the EasyRo value was in the range of 1.0%e1.5%. The
major source of this was the adamantane compounds
(accounting for 89%e97%). Diamondoids began to be
pyrolyzed at EasyRo > 1.5%.
(2) The evolution characteristics of adamantane compounds
were consistent with those of diamondoids, whereas the
evolution characteristics of diamantane compounds were
relatively delayed. The diamantane compounds were
mainly generated when the EasyRo value was in the range
of 1.2%e1.9%, and it began to be pyrolyzed at
EasyRo > 1.9%.
(3) Among the parameters established in previous studies,
MAI, EAI, and TMAI-1 showed good linearity towards
maturity when the EasyRo values were in the range of
1.5%e2.5%, 1.0%e2.5%, and 1.5%e2.5%, respectively.
The correlation coefficients were between 0.7844 and
0.9775. These parameters were an effective index for the
maturity evaluation of coal measures.in the simulation experiment of coal measure mudrock pyrolysis.
99C. Fang et al. / Journal of Natural Gas Geoscience 1 (2016) 93e99(4) Among the diamondoid parameters, based on relative
content, A/D, MA/MD, DMA/DMD, and As/Ds all
showed good correlation relationship with maturity when
the EasyRo value was in the range of 1.2%e2.5%. The
correlation coefficients were between 0.9236 and 0.9523.
These parameters were appropriate for maturity evaluation
in actual applications.
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